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A statistical associating fluid theory for potential of variable range has been recently developed to model dipolar
fluids (SAFT-VR+D) [Zhao and McCabe, J. Chem. Phys. 2006, 125, 104504]. The SAFT-VR+D equation explicitly
accounts for dipolar interactions and their effect on the thermodynamics and structure of a fluid by using the
generalized mean spherical approximation (GMSA) to describe a reference fluid of dipolar square-well segments.
In this work, we apply the SAFT-VR+D approach to real mixtures of dipolar fluids. In particular, we examine the
high-pressure phase diagram of hydrogen sulfide + n-alkane binary mixtures. Hydrogen sulfide is modeled as an
associating spherical molecule with four off-center sites to mimic hydrogen bonding and an embedded dipole
moment (µ) to describe the polarity of H2S. The n-alkane molecules are modeled as spherical segments tangentially
bonded together to form chains of length m, as in the original SAFT-VR approach. By using simple
Lorentz-Berthelot combining rules, the theoretical predictions from the SAFT-VR+D equation are found to be in
excellent overall agreement with experimental data. In particular, the theory is able to accurately describe the
different types of phase behavior observed for these mixtures as the molecular weight of the alkane is varied: type
III phase behavior, according to the scheme of classification by Scott and Konynenburg, for the H2S + methane
system, type IIA (with the presence of azeotropy) for the H2S + ethane and + propane mixtures; and type I phase
behavior for mixtures of H2S and longer n-alkanes up to n-decane. The theory is also able to predict in a qualitative
manner the solubility of hydrogen sulfide in heavy n-alkanes.
I. Introduction
Sulfur compounds can be found in many natural gas and
petroleum reservoirs (H2S in particular is formed in the
desulphurization process to sweeten the distillate products1) and
are widely recognized as one of the most undesirable polluting
agents in the petrochemical industry. For example, they can
deactivate the catalyst in the catalytic cracking process and can
cause the deposition of heavy organic molecules such as
asphaltenes, which leads to corrosion in wells, pipelines, and
refining equipment.2 As a result, because of quality regulations
and environmental restrictions, these compounds must be
removed from the final products during the refining process.3
Knowledge of the thermodynamic properties and phase
behavior of hydrocarbon systems containing sulfur compounds
is therefore very important to the petrochemical industry and
has resulted in a number of experimental studies to determine
the thermodynamic properties of these mixtures. Most of this
work has focused on the phase behavior of binary mixtures of
hydrogen sulfide with n-alkanes, such as mixtures of H2S with
methane,4,5 ethane,6–8 propane,9–13 n-butane,14 iso-butane,14
n-pentane,15 n-hexane,16 n-heptane,17–19 n-decane,20 and the
solubilities of hydrogen sulfide in heavier n-alkanes.20–22 Other
important mixtures in the petrochemical industry involving H2S
have also been studied, such as the H2S + water23 and H2S +
carbon dioxide24 systems. However, these experimental studies
are limited to low temperature and pressure conditions because
pure hydrogen sulfide decomposes at temperatures above 444
K,5 thus making obtaining experimental data at high temperatures both difficult and unsafe. It would therefore be desirable
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to have reliable information on the thermodynamics and phase
behavior of these systems from a theoretical approach.
From a modeling point of view, hydrogen sulfide is a very
interesting molecule with which to study the influence of the
permanent dipole moment on the thermodynamics and phase
behavior. Polar interactions can greatly affect the phase behavior
of pure components and their mixtures and so a nonideal phase
behavior is expected for H2S + alkane systems.4 This is
illustrated by the type III phase behavior25,26 exhibited by the
hydrogen sulfide + methane binary mixture, for which
liquid-liquid immiscibility is observed at all temperatures and
is associated with a greater disparity in intermolecular forces.27
Nonideality is also seen as the length of the alkane chain is
increased to ethane6–8 and propane,12 with azeotropy being
observed, indicating large positive deviations from Raoult’s
law.27 Additionally, a pressure maximum reappears in the
gas-liquid critical line for the hydrogen sulfide + n-hexane
and heavier alkane systems.6 Predicting the correct phase
behavior for the hydrogen sulfide + alkane binary mixtures is
therefore a challenging problem because of the complexity
displayed in the phase behavior of these systems.
Typically, the calculation of phase equilibrium in multicomponent systems is performed using empirical equations of state.
However, the parameters involved are necessarily fitted to
limited thermodynamic conditions that restrict the applicability
of these equations. Over the past decade, an important advance
in the prediction of the thermodynamic properties of fluids has
been achieved through the application of statistical mechanics
based approaches. Molecular based equations of state, such as
those derived from the statistical associating fluid theory
(SAFT), provide a framework in which the different microscopic
effects such as nonsphericity and association interactions can
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be estimated and quantified separately, leading to a predictive
and reliable equation of state applicable to complex systems.
The SAFT equation was originally proposed by Chapman et
al.28,29 on the basis of Wertheim’s thermodynamic perturbation
theory30–33 and is written as a sum of different contributions to
the Helmholtz free energy. Since its development, the SAFT
equation has been applied to describe a wide range of fluids,
and many variations of the original expressions have been
introduced.34–36
The SAFT approach has been applied to study multipolar
fluids, such as water,37–40 refrigerants,41 carbon dioxide, and its
mixtures,40,42–46 in which the dipolar and quadrupolar interactions are usually treated in an effective manner via the segment
size and energy parameters and/or through association interaction parameters. However, the SAFT approach has been
extended in several studies to incorporate the dipolar interaction
by adding a dipolar contribution term to the expression for the
Helmholtz free energy.47–53 In these extensions, the dipolar
contribution is typically described using the µ expansion
proposed by Gubbins and Gray54 or the Padé approximation of
Stell et al.,55 in which the nonspherical dipolar molecules are
approximated by spherical molecules and the orientation of the
dipolar interaction is not taken into account. Alternatively,
expressions for incorporating dipolar interactions can be derived
from molecular simulation as in the work of Gross and Vrabec51
who proposed a dipolar term based on simulation data for the
vapor-liquid equilibria of the two-center Lennard-Jones plus
point dipole fluid. In order to model polar chain fluids, Jog et
al.56,57 developed a SAFT EOS that includes the dipole moment
in alternate chain monomers and was later applied by Tumakaka
and Sadowski58 to the perturbed chain SAFT (PC-SAFT)
equation in order to describe mixtures of polar and nonpolar
fluids. More recently, Karakatsani et al.52,53 proposed a polar
PC-SAFT approach based on the perturbation theory of Stell
and co-workers that uniformly distributes the dipole over all
segments, rather than being located in certain segments of the
molecule as in the work of Jog et al. Although in these
approaches the molecules are not treated as spherical, the dipolar
interactions are still included by adding a contribution to the
free energy, and therefore, the effect of the dipole on the
structure and in turn the thermodynamic properties is not
explicitly considered.
More recently, we have proposed the SAFT-VR+D equation
of state59,60 in which the dipolar interactions and their effect on
the structure of the fluid are taken into account by using a dipolar
square-well fluid as the monomer fluid within the framework
of the SAFT approach. Hence, the potential of the reference
state is composed of two parts: a square-well (SW) isotropic
potential and an anisotropic dipolar potential. The SAFT-VR+D
approach has been validated through extensive comparison with
computer simulation data for model monomer and chain dipolar
fluids and found to provide a good representation of the phase
behavior.59,60 Additionally, we have also applied the SAFTVR+D approach to model associating dipolar fluids and water.60
By modeling water as a dipolar associating fluid, we can
explicitly (as opposed to treating the solvent as a dielectric
continuum) represent the solvent in electrolyte systems.61
In this work, we have applied the SAFT-VR+D approach to
describe mixtures of polar + nonpolar systems based on the
work of Adelman and Deutch62 and studied the thermodynamic
properties and phase behavior of the H2S + n-alkane binary
mixtures. H2S is very similar to water in that both molecules
possess polar and association interactions, which need to be
incorporated into the molecular model; Benavides and Guevara
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Figure 1. Schematic representation of the model used to describe the
hydrogen sulfide molecule: a spherical segment with a dipole moment
µ embedded in the centre of the monomer and four square-well bonding
sites (two of type A and two of type B) placed at a distance rd offcentre of a sphere of hard-core diameter σ. Only the A-B bonding
interaction is allowed when the two sites are closer than a distance rc
apart.

reached similar conclusions in their study of water and ammonia
with a dipolar square-well model.63 We have obtained the
molecular parameters for pure polar hydrogen sulfide using the
SAFT-VR+D equation and those for the n-alkanes are taken
from earlier work.64,65 The unlike interaction parameters between
different compounds are obtained using simple Lorentz-Berthelot
combining rules, and so, only the pure component intermolecular
parameters are fitted to experimental data. In this manner, the
ability of the theoretical approach to predict the rich phase
behavior displayed by the H2S + n-alkane systems can be tested.
In addition, the effect of pressure and molecular weight of the
n-alkane on the solubility of H2S is studied.
The rest of the paper is organized as follows: the molecular
model and theory are described in section II; the results and
discussion are presented in section III; and conclusions are given
in section IV.
II. Molecular Model and Theory
The potential models used to describe hydrogen sulfide in
the literature can be divided into two main groups: three-site66
and four-site models.67,68 Jorgensen66 first proposed the threesite potential model, similar to the TIP3P model for water,69
which considers hydrogen sulfide as a Lennard-Jones sphere
with two positive point charges on the hydrogen atoms and one
negative point charge on the sulfur atom. The four site model
was proposed by Forester et al.67 and has an additional partial
charge, located on the bisector H-S-H angle, which is similar
to the TIP4P-like geometry proposed for water.69 Both the threesite and the four-site models have been used to model hydrogen
sulfide in molecular simulations,70–74 as well as in other versions
of SAFT that do not explicitly include the dipole moment.75–77
In this work, we consider the four-site potential model as it
most physically mimics the H2S molecule. Within the SAFTVR+D approach, H2S is therefore described as an associating
dipolar square-well segment of diameter σ11, that interacts via
an embedded dipole moment µ11, a square-well dispersion
potential of a depth ε11 and range λ11, and four off-center shortrange attractive sites to describe the self-association. Two sites
of type A represent the hydrogen atoms, and two sites of type
B represent the lone pairs of electrons on the sulfur atom. Only
A-B site-site interactions are allowed. The sites are placed at
a distance rd ) 0.25 from the center of the sphere and have a
cutoff range of rc so that an attractive energy εHB is realized if
sites are closer than a distance rc apart. This model is
schematically represented in Figure 1.
The n-alkane family members, which are nonassociating and
nonpolar molecules, are described by four molecular parameters:
the number of segments forming the model chain molecule m2,
the segment size σ22, and the depth ε22 and range λ22 of the
square-well dispersion interaction.
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Ideal Contribution. The free energy of an ideal mixture is
given by82
n

AIDEAL
xi ln(FiΛi3) - 1
)
NkBT
i)1

∑

Figure 2. Schematic representation of the interdipole site coordinate
system, with polar axis along r.80

In the SAFT-VR+D approach, the inclusion of the dipole-dipole
interactions are accounted for through the dipole moment µ and
the orientation of the dipoles which is determined by the
azimuthal θ and polar φ angles of the intersegment axis along
r, as shown in Figure 2.80 Therefore, the pair potential for the
dipolar associating fluids studied is defined as

uij(rijw1w2) ) uijHS(rij ;σij) - εijφijSW(rij ;λij) + uijdipole(rijw1w2) +

∑ ∑ uAHBB (rijΩ1Ω2) (1)
Ai

Bj

i j

where rij is the vector between the center of monomers i and j;
rij ) |rij| is the distance between segments of species i and j; wi
) (θi,φi) is the set of angles that defines the orientation of the
dipole moment in the monomer of species i; and Ωi is the
orientation of the association site i relative to the vector rij. As
intheSAFT-VRequationformixtures,64,81 themonomer-monomer
isotropic potential consists of a hard sphere repulsive interaction
uHS
ij (rij;σij) defined by,

uijHS(rij ;σij) )

{

∞ if rij < σij
0 if rij > σij

(2)

and an attractive term -εijφSW
ij (rij;λij) modeled by a square-well
potential of depth εij and shape φSW
ij (rij;λij) defined by

φijSW(rij ;λij) )

{

1 if σij < rij < λijσij
rij > λijσij
0 if

(3)

where λij is the parameter associated with the range of
the square-well potential. The dipole-dipole potential
udipole
(rijw1w2) is a long-range anisotropic interaction, which
ij
can be expressed as

uijdipole(rijw1w2) ) -

µiµj
rij3

Dij(n1n2r̂ij)

(4)

The association potential uAHBiBj models site-site association
interactions between molecules through an anisotropic shortrange square-well interaction, where Ai and Bj are interacting
associating sites on species i and j, respectively.
Within the SAFT framework, the Helmholtz free energy A
can be written in the form

A
AIDEAL AMONO ACHAIN AASSOC
)
+
+
+
NkBT
NkBT
NkBT
NkBT
NkBT

(5)

where N is the total number of molecules, T is the temperature,
kB is the Boltzmann constant, AIDEAL is the free energy of the
ideal fluid, AMONO is the contribution due to the dipolar squarewell monomer fluid, ACHAIN represents the free energy due to
chain formation from the monomer segments, and AASSOC is
the free energy contribution due to intermolecular association.
We will briefly outline each contribution in turn, focusing on
the dipolar contribution.

(6)

where Fi ) Ni/V is the number density, N is the number of
molecules, xi is the molar fraction, and Λi is the thermal de
Broglie wavelength of species i.
Monomer Contribution. The contribution to the Helmholtz
free energy due to the monomer segments is given by

AMONO
)
NkBT

( )
n

M

( )
n

∑ ximi NAskBT ) ∑ ximi aM
i)1

(7)

i)1

where Ns is the total number of spherical monomers. Within
the GMSA, the excess Helmholtz free energy per monomer aM
is given by the free energy per monomer of the dipolar squarewell reference fluid aDSW which in turn can be written as

aM ) aDSW ) adipole + aisotropic

(8)

adipole

where
describes the contribution to the free energy due
to the anisotropic dipolar interactions and aisotropic is written in
terms of the inverse of the temperature β ) 1/kBT within the
second-order high temperature perturbation expansion of Barker
and Henderson83–85 as in the original SAFT-VR approach,64

aisotropic ) aHS + βa1 + β2a2

(9)

aHS

where
is the free energy due to repulsive interactions
between the hard cores, and a1 and a2 are the first and second
order perturbation terms associated with the isotropic attractive
interactions, respectively. The residual free energy of the hardsphere mixture is obtained from the expression of Boublik86
and Mansoori et al.87 The mean-attractive energy associated with
the first-order perturbation term is treated in the context of the
M1Xb mixing rules81 and the second-order perturbation term
is obtained using the local compressibility approximation as in
the original SAFT-VR approach.
In previous work,59,60 we obtained the anisotropic dipolar
contribution of an associating polar fluid from Wertheim’s
solution88 of the Ornstein-Zernike equation for dipolar hard
spheres and chains with mixed dipole moments using the MSA
and LEXP closures. Here, we apply the SAFT-VR+D approach
to study mixtures of dipolar associating fluids and nondipolar
fluids, on the basis of the work of Adelman and Deutch,62 who
provided an exact solution to the MSA for simple polar mixtures.
They have shown that an n-component polar fluid characterized
by densities F1, F2,..., Fn and permanent dipole moments µ1,
µ2,..., µn can be reduced to an effective one-component fluid,
with an effective dipole moment µ̂ and an effective density F̂,
as follows:
n

µ̂2 )

∑

1
µ2
n i)1 i

(10)

n

F̂ )

∑

1
µi2Fi
µ̂2 i)1

(11)

In this case, the expressions for the excess thermodynamic
properties of a multicomponent system within the MSA are the
same as those for the pure fluid but evaluated at the effective
density and effective dipole moment. In the particular limiting
case where the mixture is composed of polar and nonpolar fluids,
Adelman and Deutch62 found that the dipolar terms of the
correlation functions for the polar species do not depend on
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the presence of nonpolar species and vice versa. In this context,
the anisotropic dipolar contribution for a polar mixture is
obtained using the equations for a pure fluid with an effective
dipole moment and density. The reader is directed to refs 59,
60, 88 for additional details.
Therefore, the excess free energy due to the dipolar interactions is given by

[

(1 + ξ)2
8
(2 - ξ)2
aDIPOLE ) - ξ2
+
η (1 - 2ξ)4 8(1 + ξ)4

]

(12)

where ξ ) κη and κ is the scaling parameter. κ is determined
by y, the so-called strength of the dipolar effect88

3y)qPY(2κη)-qPY(-κη)

(13)

AASSOC
)
NkBT

4π
βF̂µ̂2
9

(14)

(15)

where η is the packing fraction of the mixture giving by

π
η ) F̂
6

[

n

]

∑ mixiσii3
i)1

(16)

Chain Contribution. The contribution to the free energy due
to chain formation from the dipolar square-well monomer
segments is given by

∑

(17)

where mi is the number of segments of component i, yDSW
is
ii
the dipolar square-well monomer background correlation function evaluated at hard-core contact for species i,

yiiDSW(riiwi1wi2) ) exp[βuiiDSW(riiwi1wi2)]giiDSW(riiwi1wi2 ;F, T)
(18)
i i
and gDSW
ii (riiw1w2;F,T) is the pair distribution function for the
dipolar square-well molecules and is obtained from the GMSA.
In our particular case for the H2S (1) + n-alkane (2) binary
mixtures, the chain contribution is only required for the second
component. In this case, the pair correlation functions of the
nonpolar species are unaffected by the dipolar interactions in
the polar fluid. The expressions of the chain contribution are
then written in a simpler form as:

ACHAIN
) -(m2 - 1) ln ySW
22 (σ22)
NkBT

(19)

i)1

a)1

Xa,i
si
)+
2
2

) ]

]

(20)

where the first sum is over species i and the second sum is over
all si sites of type a on a molecule i. Since the only type of
association considered is between the sites A-B of the hydrogen
sulfide molecule and no hydrogen sulfide-alkane cross association is considered, the association contribution expression can
be simplified in terms of the fraction of hydrogen sulfide
molecules not bonded, X. In this case, the fraction Xa,i of
molecules i not bonded at site a is given by the mass action
equation as28,29

1

Xa,i )
1+F

)X)

n

sj

j)1

b)1

∑ xj∑ Xb,j∆a,b,i,j

1
(21)
1 + 2Fx1∆11

Here, ∆a,b,i,j characterizes the association between site a on
molecule i and site b on molecule j and can be written as

∆a,b,i,j ) Ka,b,i,jfa,b,i,jgijSW(σij) ) ∆11 ) K11f11gSW
11 (σ11) (22)
where gijSW(σij) is the contact value of the radial distribution
function, fa,b,i,j ) exp(-φa,b,i,j/kBT) - 1 is the Mayer f function
for the a-b site-site interaction φa,b,i,j, and Ka,b,i,j is the volume
available for bonding. The expression for the Mayer f function
can be further simplified since the binary systems under
examination only consider association between the molecules
of component 1 (hydrogen sulfide) and is given by f11 )
HB
exp(ε11
/kBT) - 1. The expression for the available bonding
volume is given by28,29,79

[(

K11 ) 4π ln

n

ACHAIN
) - (mi - 1) ln yiiDSW
NkBT
i)1

∑ xi ∑ (ln Xa,i -

[(

qPY is the dimensionless inverse compressibility of Percus-Yevick
(PY), given by88

(1 + 2η)2
qPY(η) )
(1 - η)4

[

si

X
) x1 4 ln X - + 2
2

and is a dimensionless function of the temperature β, the
effective density F̂, and dipole moment µ̂

y)

n
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(rc

1

rc1 + 2rd1
σ11

)(

6rc31 + 18rc21rd1 - 24rd31) + ...

]

2
+ 2rd1 - σ11)(22rd21 - 5rc1rd1 - 7rd1σ11 - 8rc21 + rc1σ11 + σ11
)

(23)

With the expression for the Helmholtz free energy defined,
thermodynamic properties, such as the chemical potential,
compressibility factor, and other thermodynamic derivatives, can
be easily obtained using standard thermodynamic relations. The
study of phase equilibrium in mixtures also requires the
determination of a number of cross interaction parameters, which
account for the interactions between unlike components in the
mixture. The Lorentz arithmetic mean is used for the unlike
hard-core diameter,

σ12 )

σ11 + σ22
2

(24)

the unlike square-well dispersive energy is given by the
Berthelot rule as follows,

ε12 ) √ε11ε22

(25)

and the unlike square-well potential range is given by

where the background correlation function
)
SW
exp[βuSW
22 ]g22 (σ22)) is now given for the nonpolar square-well
fluid as in the original SAFT-VR approach.64,81
Association Contribution. The contribution to the free
energy due to the association of si sites on a molecule of species
i can be obtained from Wertheim’s theory as:
SW
(y22
(σ22)

λ12 )

λ11σ11 + λ22σ22
σ11 + σ22

(26)

The results obtained for the mixtures of the hydrogen sulfide
+ n-alkanes are therefore pure predictions from the SAFTVR+D equation, since the cross or unlike interaction parameters
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TABLE 1: Optimized and Rescaled (Indicated by Subscript c) Intermolecular Parameters for Hydrogen Sulfide
m

λ

σ (Å)

ε/kB (K)

εHB/kB (K)

KHB (Å3)

σc (Å)

εc/kB (K)

εHBc/kB(K)

KcHB (Å3)

1

1.6255

3.67295

212.4090

501.69791

1.5000

3.88160

204.8186

482.8249

1.760990

Figure 4. PT projection of the PTx surface for the H2S (1) + methane
(2) binary mixture. Circles and squares correspond to the experimental
data4,5 for the critical lines and the three-phase liquid-liquid-vapor
line (LLV), respectively. Solid lines represent the SAFT-VR+D
predictions for the pure component vapor pressures, long dashed lines
represent the critical lines and the dashed lines correspond to the threephase line. The inset shows the region of liquid-liquid immiscibility
close to the critical point of pure methane.

Figure 3. Vapor pressures (a) and vapor-liquid coexistence densities
(b) of pure hydrogen sulfide. Circles correspond to the experimental
data.89,98,99 Solid lines and dashed lines represent the SAFT-VR+D
predictions obtained with the optimized and rescaled parameters,
respectively (see Table 1).

are obtained from the pure substance parameters and no
experimental data for the mixtures are used to calculate the
thermodynamic properties.
III. Results and Discussion
In order to study the H2S + n-alkane systems, the intermolecular parameters for the pure substances first need to be
defined. The hydrogen sulfide molecule is treated as a spherical
segment with a fixed chain length of m1 ) 1 and an embedded
dipole moment µ11. The experimental value of the dipole
moment of hydrogen sulfide, µ11 ) 0.97 Debye,89 is used in
the calculations, and the remaining intermolecular parameters
are determined by fitting the theoretical predictions to experimental vapor pressure and saturated liquid density data using
an annealing technique.90,91 The optimized values for the hardcore diameter (σ11), square-well potential depth (11), and range
(λ11) parameters, as well as the association parameters (11HB
and K11HB) are presented in Table 1. The results obtained from
the SAFT-VR+D approach with this set of parameters provide
a good description of the vapor pressures and coexisting
densities of H2S over a wide range of temperatures, as shown

in Figure 3a,b, respectively. The percentage of absolute average
deviation (%AAD) for the vapor pressure was found to be
3.98%, and 5.66% for the saturated liquid density, using the
whole set of experimental data. As with most engineering
equations of state, the SAFT-VR+D approach does not include
the long-range density fluctuations that occur near the critical
point of real fluids and so, being analytical in the free energy,
over predicts the critical point.40,44,92,93 Since our interest is in
the phase diagrams and critical lines of the H2S + n-alkane
binary mixtures, we have rescaled the intermolecular parameters
to the experimental critical point of hydrogen sulfide (Tcexp )
373.3 K and Pcexp ) 89.70 bar).94 These parameters are also
reported in Table 1. For the n-alkane family members, the set
of intermolecular parameters (m2, σ22, ε22, and λ22) proposed
previously64,65 and which have been shown to provide an
excellent description of the thermodynamic properties of this
chemical family95–97 are used.
A. Hydrogen Sulfide + Methane Binary Mixture. The PT
projection of the PTx surface for the H2S (1) + methane (2)
binary mixture is shown in Figure 4. As can be seen from the
figure, the phase behavior of this system is dominated by large
regions of liquid-liquid (LL) immiscibility characteristic of type
III phase behavior according to the classification scheme of Scott
and van Konynenburg (SK).25,26 This behavior is associated with
a large disparity in the intermolecular forces between the
components of the mixture, such as the presence of polar and
association interactions between the hydrogen sulfide molecules27 compared with the nonpolar n-alkanes. This system
exhibits two gas-liquid (GL) critical lines; at high temperatures
and pressures, a critical line starts from the critical point of the
less volatile component (hydrogen sulfide at 373.3 K and 89.70
bar) and continues to lower temperatures as the pressure is
increased, passing through a temperature minimum around 243
K and then extending to higher temperatures and pressures with
a positive slope. This is a distinct feature characteristic of
gas-gas immiscibility of the second kind.27 At low temperatures
and pressures, a second gas-liquid critical line runs from the
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Figure 5. Px constant-temperature slices of the H2S (1) + methane (2) binary mixture at 240.0 K (a), 277.59 K (b), 310.93 K (c), and 344.26 K
(d). Circles correspond to the experimental data.4,5 Solid lines represent the theoretical predictions using the SAFT-VR+D approach.

critical point of the more volatile component (methane at 190.6
K and 46.1 bar) to the upper critical end point (UCEP), close
to the critical point of pure methane, where the methane-rich
liquid phase becomes identical with the gas phase. From this
UCEP and continuing to very-low temperatures and pressures,
a three-phase line is found, where the two immiscible liquid
phases coexist with a gaseous phase. This line can be seen more
clearly from the inset of Figure 4a. Note that the experimental
three-phase line terminates at low-temperatures at the quadruple
point of 182.2 K and 33.784 bar, where the four phases
(liquid-liquid-gas-solid) are in equilibrium. The theory is able
to provide a good description of the PT fluid phase diagram for
this mixture, although the gas-liquid critical line at high
temperatures and pressures is underestimated; however, it is
important to mention that we have not adjusted any of the model
parameters to experimental data for the H2S + methane mixture,
and therefore, all of the theoretical results are pure predictions.
In Figure 5, we examine the constant-temperature Px projections of the hydrogen sulfide + methane binary mixture. The
low temperature slice at 240 K is just below the minimum (243
K) in the gas-liquid critical line but still above the UCEP for
this mixture. At this temperature, the system exhibits a continuous transition in the coexistence envelopes, from a gas-liquid
character at low pressure to a liquid-liquid character at high
pressure. This peculiar shape of the phase envelope is characteristic of liquid-liquid immiscibility as seen in type III phase
behavior. At higher temperatures, between the minimum temperature of the gas-liquid critical line and the critical point of
pure hydrogen sulfide, the system exhibits gas-liquid coexistence that extends from the vapor pressure of pure H2S to the
gas-liquid critical point of the mixture at the corresponding
temperature. It is important to mention that at these temperatures,
the system will exhibit a second two-phase fluid-fluid region

at very high pressures, as can be inferred from Figure 5b. This
feature is related to gas-gas immiscibility of the second kind.
As can be seen, the SAFT-VR+D equation is able to correctly
predict the type III phase behavior and accurately capture the
transitions observed in the phase behavior of H2S + methane
as the thermodynamic conditions are varied. This system was
recently studied by Aparicio-Martinez and Hall,75 using the PCSAFT equation with a modified Berthelot value of k12 ) 0.0401
and shown to display type I phase behavior, indicating that the
PC-SAFT equation was not able to predict the liquid-liquid
immiscibility seen in this system.27 Aparicio-Martinez and Hall
also studied other H2S + n-alkanes systems (ethane, propane,
n-butane, and n-pentane), using system-dependent binary interaction parameters for each mixture studied, as the complex
behavior of this homologous series did not allow the use of
transferable parameters.
B. Hydrogen Sulfide + Ethane and Hydrogen Sulfide +
Propane Binary Mixtures. In this section, we examine the
phase behavior of the binary mixtures of hydrogen sulfide +
ethane and hydrogen sulfide + propane. As the volatility of the
hydrocarbon approaches that of the hydrogen sulfide, the nature
of the critical lines is greatly affected. Additionally, these
systems are known to exhibit azeotropic behavior because of
the fact that ethane and propane have similar volatilities and
boiling points compared with hydrogen sulfide.27
In Figure 6a, the PT projection of the PTx surface for the
H2S (1) + ethane (2) binary mixture is shown. This system
exhibits a continuous vapor-liquid critical line that connects
the two pure component critical points in a nearly linear shape.
At low temperatures, a locus of upper critical solution temperature (USCT) points is observed, indicating liquid-liquid
immiscibility that runs from high pressures with an almost
vertical slope to a UCEP (TUCEP ) 212.2 K and PUCEP ) 3.88
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Figure 6. PT projection of the PTx surface of the binary mixtures of
(a) H2S (1) + ethane (2) and (b) H2S (1) + propane (2). Circles and
squares correspond to the experimental data6,7,9–13 for the critical lines
and azeotrope, respectively. Solid lines represent the SAFT-VR+D
predictions for the vapor pressures of pure components; long-dashed
lines, dashed lines, dotted line, and dashed-dotted lines correspond to
the vapor-liquid critical lines, azeotrope lines, three-phase liquidliquid-vapor line, and liquid-liquid critical line, respectively.

bar) on the three-phase (liquid-liquid-vapor) line. A locus of
azeotropic points close to the vapor pressure curve of ethane is
also observed. These features are characteristic of type IIA phase
behavior in the Scott and Konynenburg classification. The
azeotropic line runs from low to high temperatures where it
merges with the critical gas-liquid line at a pressure of 49 bar
and a temperature of 305.8 K, near the critical point of pure
ethane (305.3 K and 48.8 bar94). As we can see from the figure,
the liquid-liquid immiscilitity decreases as the molecular weight
of the alkane increases, from complete immiscibility in the type
III phase behavior observed for the H2S + methane mixture, to
partial immiscibility and type II behavior for the H2S + ethane
system. Although there is no experimental data for the
liquid-liquid immiscibility predicted for this system, the
vapor-liquid phase diagrams observed experimentally at pressures near the azeotropic locus are very flat which can be a
sign of the presence of liquid-liquid immiscibility at low
temperatures. Furthermore, in an experimental study of the H2S
+ ethane system, Kaira et al.7 found that it was very difficult
to obtain reliable data at low temperatures (around 200 K)
because of the fact that small changes in pressure lead to large
changes in composition. Given the accuracy of the SAFTVR+D predictions for the methane + H2S phase diagram, we
would anticipate accurate predictions for the ethane + H2S
binary mixture.
In part b of Figure 6, the PT projection of the PTx surface
for the H2S (1) + propane (2) binary mixture is shown. Similar
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to the ethane binary mixture, the theoretical results from the
SAFT-VR+D approach predict a continuous vapor-liquid
critical line that connects the two pure component critical points
and an azeotrope line, with liquid-liquid immiscibility at low
temperature (type IIA phase behavior). The critical locus passes
through a minimum point in the temperature at 356.6 K, which
is in excellent agreement with the experimental value of 357
K.9 The azeotrope line is now located near the vapor pressure
of pure hydrogen sulfide and runs from low to high temperatures
until it merges to the vapor pressure curve of hydrogen sulfide,
close to the gas-liquid critical locus. At low temperatures,
liquid-liquid immiscibility runs from high pressures with an
almost vertical slope to the UCEP (TUCEP ) 210.5 K and PUCEP
) 1.22 bar), where it terminates on the three-phase (liquidliquid-vapor) line. Comparing the values of the UCEP for both
systems, we see that the liquid-liquid immiscibility is reduced
when ethane is replaced by propane. Again, given that we have
only used Lorentz-Berthelot combining rules, the theory is in
excellent agreement with the experimental data for the gas-liquid
critical locus as well as the azeotrope line for these mixtures
and accurately predicts the correct type of phase behavior.
The different azeotropic behavior observed for the hydrogen
sulfide + ethane and hydrogen sulfide + propane systems is
described more clearly in Figure 7, where a selected number of
Px projections of the PTx surface for both mixtures are
presented. Both mixtures show a pressure maximum, which is
a feature of positive deviations from Raoult’s law in mixtures
of polar and nonpolar substances. The theoretical predictions
of the Px slices of the phase diagram for both systems are in
very good agreement with the experimental data. The shift in
the azeotrope loci from the ethane rich, in the H2S + ethane
system, to the hydrogen sulfide rich phase, in the H2S + propane
system, is correctly predicted. Moreover, the quantitative
agreement between the SAFT-VR+D predictions and the
experimental data at these low temperatures is very good given
that we are using rescaled parameters and that the theoretical
calculations are pure predictions since we do not fit to any binary
mixture data.
C. Hydrogen Sulfide + n-Butane up to n-Decane Binary
Mixtures. We have also examined the phase equilibrium of
hydrogen sulfide with longer n-alkanes. In Figure 8, we
present the PT projection of the high-pressure critical lines
from the H2S + n-butane through to n-decane binary
mixtures. As can be seen, the critical lines of the mixtures
are continuous, going from the gas-liquid critical point of
one pure component to the other. This behavior clearly
indicates that all mixtures in this subsection exhibit type I
phase behavior. Excellent agreement with experimental data
is obtained for the prediction of the vapor-liquid critical
lines for all of the mixtures except pentane. First, from these
results, it is interesting to note the change of the curvature
in the gas-liquid critical line for the hydrogen sulfide +
n-butane mixture, which is related to the fact that the
hydrogen sulfide + propane system exhibits a minimum
temperature in the critical locus and azeotropic behavior.
Second, it is also important to mention that the liquid-liquid
immiscibility predicted in the hydrogen sulfide + propane
system has shifted toward lower temperatures and pressures
in the system hydrogen sulfide + n-butane, well below the
triple point of hydrogen sulfide (187.66 K and 0.232 bar94)
where the liquid-liquid immiscibility is pre-empted by the
appearance of the solid phase. For the hydrogen sulfide +
n-pentane binary mixture, the predicted critical locus exhibits
a linear shape which differs from the experimental data,
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Figure 7. Px constant-temperature slices of the binary mixtures of (a) H2S (1) + ethane (2) and (b) H2S (1) + propane (2). Symbols represent the
experimental data and lines correspond to the theoretical predictions from the SAFT-VR+D approach. The temperature values studied are 228.0
K (circles and solid lines), 244.0 K (squares and long dashed lines); 255.0 K (diamonds and dashed lines), 273.0 K (triangles and dotted lines),
283.0 K (crosses and dash-dotted lines), and 288.0 K (closed circles and dash-dot-dot-dot lines). The thin dotted lines represent theoretical predictions
for the azeotrope locus.

Figure 8. PT projection of the PTx surface for the binary mixtures of
H2S (1) + n-butane14 (circles), + n-pentane15 (squares), + n-hexane16
(diamonds), + n-heptane17–19 (triangles), and + n-decane20 (crosses).
Symbols correspond to the experimental data of the critical lines. Solid
lines represent the SAFT-VR+D predictions for the vapor pressures
of pure components; long dashed lines represent the vapor-liquid
critical lines.

which shows an almost vertical line near the pure n-pentane
critical point that then crosses the experimental data of the
critical line for the hydrogen sulfide + n-hexane mixture.
As can be seen from Figure 8, the theoretical predictions for
the critical lines exhibit a more subtle change when the
second component varies from n-butane up to n-hexane,
which would be expected for mixtures within the same
chemical family and therefore appears more natural than the
crossing behavior observed in the experimental data, suggesting that the experimental data for the H2S + pentane
system could be in error. For the hydrogen sulfide + n-hexane
up to n-decane binary mixtures, the gas-liquid critical lines
show a maximum in pressure, and is related to the difference
in interactions between the strongly polar hydrogen sulfide
and the longer hydrocarbons which favor deviations from
ideal behavior. This maximum moves toward higher temperatures and pressures as we increase the molecular weight
of the n-alkane component. Again, it is important to note
that the results for these systems are obtained using simple
Lorentz-Berthelot combining rules to determine the phase
behavior of mixtures from the pure components parameters
and so clearly illustrate the ability of the SAFT-VR+D

equation of state to accurately predict the phase behavior of
these polar-nonpolar binary mixtures.
We have also studied a series of constant-temperature Px
slices for H2S + longer n-alkane binary mixtures. In Figure 9a,
the theoretical predictions for hydrogen sulfide (1) + nhexane (2) at constant temperatures of 323, 373, and 422 K are
presented and are seen to be in good agreement with the
experimental data. In part b, theoretical predictions for the
hydrogen sulfide (1) + n-heptane (2) system at constant
temperatures of 313, 333, 354, and 373 K are also shown. Again,
the agreement between the theoretical predictions and the
experimental data is good. For both systems, the theory is able
to predict quantitatively the vapor-phase envelope but slightly
underestimates the pressures for the liquid-phase behavior at
high temperatures.
D. Solubility of Hydrogen Sulfide in Longer Linear
Alkanes. Finally, we have also studied a number of constanttemperature Px slices of the PTx phase diagrams for mixtures
of hydrogen sulfide with heavy n-alkanes. Figure 10 shows
the gas-liquid phase behavior of hydrogen sulfide and (a)
n-decane, (b) n-tridecane, (c) n-hexadecane, and (d) neicosane. These figures correspond to the solubility of
hydrogen sulfide in each n-alkane over a wide range of
temperatures. The agreement between the results from the
SAFT-VR+D approach and the experimental data is good
considering that we have not adjusted any of the model
parameters to experimental mixture data and that we are using
parameters rescaled to the pure component critical points.
Although, there is an underestimation of the pressure for the
liquid-phase behavior that can be overcome by using the
optimized (i.e., not rescaled) intermolecular parameters,
which will improve the predictions for the liquid phase
densities of pure hydrogen sulfide (Figure 3b). Nonetheless,
the theory is able to qualitatively predict the experimentally
observed behavior as a function of temperature: the solubility
of hydrogen sulfide increases as the temperature decreases.
In the work of Nath et al.,72 molecular simulations of the
hydrogen sulfide + n-dodecane system exhibited a similar
trend with temperature: the solubility increases with a
decrease in temperature. This increase in the solubility of
hydrogen sulfide could be due to increased association
interactions between hydrogen sulfide molecules at low
temperature that force the H2S molecules to prefer the liquid
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Figure 9. Px constant-temperature slices of the binary mixtures of (a) H2S (1) + n-hexane (2) and (b) H2S (1) + n-heptane (2). Symbols represent
the experimental data16–19 and lines correspond to the theoretical predictions using the SAFT-VR+D approach. The temperature values studied are
313.0 K (circles and solid lines), 323.0 K (squares and long dashed lines), 333.0 K (diamonds and dashed lines), 354.0 K (triangles and dotted
lines), 373.0 K (closed circles and dash-dotted lines), and 422.0 K (crosses and dash-dot-dot-dot lines).

phase. Additionally, a comparison between Figure 10a-c at
a fixed temperature (323, 373, or 423 K) shows how the
solubility increases as the molecular weight of the second
component of the mixture (n-alkane) increases as we change
from n-decane to n-hexadecane.
IV. Conclusions
In this work, we have extended the SAFT-VR+D approach
to describe with mixtures of polar and nonpolar fluids. In
particular, we have examined the thermodynamic properties of
the hydrogen sulfide + n-alkane binary mixtures and find that

the SAFT-VR+D approach is able to accurately predict the
phase behavior of the systems studied. The molecular parameters
for hydrogen sulfide were determined by fitting to experimental
vapor pressure and saturated liquid density data, using the
experimental value for the dipole moment, while the parameters
for the n-alkanes were taken from previous work.64,65 Since our
main interest is in the critical lines, we have used parameters
rescaled to the experimental critical points of the pure components with standard Lorentz-Berthelot combining rules to obtain
the unlike interaction parameters from the pure component
parameters.

Figure 10. Solubility of hydrogen sulfide in (a) n-decane, (b) n-tridecane, (c) n-hexadecane, and (d) n-eicosane. Symbols represent the experimental
data20,21 and lines correspond to the theoretical predictions using the SAFT-VR+D approach. The temperature values studied are 323.15 K (circles
and solid lines), 361.15 K (open circles and dash-dotted lines), 373.15 K (squares and long dashed lines), 423.15 K (diamonds and dashed lines),
473.15 K (triangles and dotted lines), 573.15 K (crosses and dash-dot-dot-dot lines).
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The theoretical results show that the global phase diagrams
of the hydrogen sulfide + n-alkane systems exhibit a rich phase
behavior: type III phase behavior, according to the classification
of Scott and van Konynenburg, for H2S + methane; type II
with azeotropy for H2S + ethane and H2S + propane systems;
and finally type I for H2S + n-butane up to n-decane. The SAFTVR+D theory accurately predicts the experimentally observed
type III phase behavior for the H2S + methane phase diagram
and the type I behavior observed for the H2S + n-butane,
n-pentane, n-hexane, n-heptane, and n-decane. We also find that
the SAFT-VR+D approach predicts a smoother transition
between the vapor-liquid critical lines of the H2S + n-butane,
+ n-pentane, and + n-hexane systems than those observed
experimentally, suggesting that reliability of the experimental
data for the H2S + n-pentane system should be questioned.
Although experimental data exists for the H2S + ethane and
H2S + propane systems, the SAFT-VR+D prediction of
liquid-liquid immiscibility, and therefore type II phase behavior, has not been verified experimentally; the theoretical
predictions provide a reliable prediction for the phase behavior
of these systems for which experimental measurements are
difficult.
Finally, we have also studied the solubility of H2S in heavier
n-alkanes, from n-decane up to n-eicosane. The SAFT-VR+D
theory was able to explore and predict, in a qualitative manner,
the effect of temperature and the molecular weight of the
hydrocarbon component on the solubility of H2S in the
n-alkanes. In future work, we will further test the accuracy of
the SAFT-VR+D approach through the study of mixtures
involving both polar chain fluids, such as alcohols, and systems
in which both components are polar.
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